Pharmacological research in mice and human genetic analyses suggest that the kallikrein-kinin system (KKS) may regulate anxiety. We examined the role of the KKS in anxiety and stress in both species. In human genetic association analysis, variants in genes for the bradykinin precursor (KNG1) and the bradykinin receptors (BDKRB1 and BDKRB2) were associated with anxiety disorders (p < 0.05). In mice, however, neither acute nor chronic stress affected B1 receptor gene or protein expression, and B1 receptor antagonists had no effect on anxiety tests measuring approach-avoidance conflict. We thus focused on the B2 receptor and found that mice injected with the B2 antagonist WIN 64338 had lowered levels of a physiological anxiety measure, the stress-induced hyperthermia (SIH), vs controls. In the brown adipose tissue, a major thermoregulator, WIN 64338 increased expression of the mitochondrial regulator Pgc1a and the bradykinin precursor gene Kng2 was upregulated after cold stress. Our data suggests that the bradykinin system modulates a variety of stress responses through B2 receptormediated effects, but systemic antagonists of the B2 receptor were not anxiolytic in mice. Genetic variants in the bradykinin receptor genes may predispose to anxiety disorders in humans by affecting their function.
Results
Association analysis of KKS genes and anxiety disorders. To investigate whether genetic variants in the KKS genes associate with anxiety disorders, we genotyped SNPs from KNG1, BDKRB1, and BDKRB2 in anxiety disorder cases (n = 321) and carefully matched controls (n = 653) from the Finnish population-based Health 2000 Survey. Of the 21 analysed KNG1 SNPs, 17 BDKRB1 SNPs, and 20 BDKRB2 SNPs, 5, 8, and 1 associated with anxiety disorders at the nominal p < 0.05 level, respectively (Table 1) . The effect of acute stress on KKS-related gene and protein expression in the mouse brain. To investigate the effect of acute stress on the gene expression levels of the bradykinin receptors, we subjected C57BL/6NCrl (B6) mice to restraint stress for 2 hours, and allowed them to recover for 0, 1, or 5 hours, after which we collected tissue from the entire hippocampus and cortex. Control mice did not experience restraint stress. Acute stress did not significantly affect hippocampal gene expression levels of Bdkrb1 or Bdkrb2. In the cortex, there was a trend for higher gene expression levels of Bdkrb1 at the 2 h + 1 h time point (two tailed t-test p = 0.107) compared to controls ( Fig. 1 ). Bdkrb2 expression levels were below detection level in the cortex. The expression level of the positive control gene, FBJ osteosarcoma oncogene Fos 18 was significantly upregulated by stress (p = 0.011) ( Fig. 1 ). We next used the Western blot method to assess whether acute stress affects the protein levels of bradykinin receptors in the mouse hippocampus. We subjected B6 mice to restraint stress as described above and collected hippocampus and hypothalamus (control) tissue for protein analysis. Protein levels of BDKRB2 were significantly downregulated in mice that underwent 2 h restraint stress and 1 h recovery (p = 0.005, Fig. 2a ). The protein levels of BDKRB1 were not affected by stress ( Fig. 2b ). As positive controls for the stress experiment, we used well-established markers α-B-crystallin 19, 20 , FOS 18, 21 , and HMGB1 22, 23 , all of which were upregulated by stress in the hypothalamus, as expected ( Fig. 2c-e ).
Effect of chronic stress on KKS gene expression. Chronic social defeat stress (CSDS) is a
well-established psychosocial stress model in mice. It leads to increased social avoidance behaviour in susceptible mice, while some animals are resilient to the behavioural effects of stress 24 . We analysed gene expression levels in the ventral hippocampus and medial prefrontal cortex after 10 days of CSDS using RNA-sequencing 25 . We extracted data for KKS genes (Bdkrb1, Bdkrb2, F12, Klk1, Klk12, Klkb1, Kng1 and Kng2), genes related to the KKS genes (Ace, Ace2, Agtr2, Aplnr and Pdyn), and known marker genes of stress (Cry, Fos, Junb and Hmgb1). Figure 3 shows the expression levels of those genes that were reliably detected in the two studied mouse strains, innately anxious DBA/2NCrl (D2) and non-anxious B6. In the ventral hippocampus, Bdkrb2 and Jun expression levels were significantly higher in both stress-susceptible (p = 0.011 and 0.00037, respectively) and resilient (p = 0.012 and 0.00016, respectively) B6 mice compared to controls. In addition, Jun expression levels were higher in the susceptible D2 mice compared to controls (p = 0.0023). Fos expression levels were higher (p = 0.0025) and Hmgb1 levels lower (p = 0.00090) in the susceptible B6 mice. None of the studied genes was differentially expressed in the medial prefrontal cortex after CSDS ( Fig. 3 ).
Behavioural effects of pharmacological targeting of bradykinin receptors in mice.
To investigate whether blocking bradykinin receptor function affects anxiety-like behaviour, we injected D2 mice with bradykinin receptor B1 or B2 antagonists, followed by behavioural testing. We selected physiological doses using prior mouse literature [26] [27] [28] [29] . We first studied the effect of subcutaneously (s.c.) injected B1 receptor non-peptide antagonist ELN-441958 and B2 receptor non-peptide antagonists bradyzide or WIN 64338 on mouse behaviour in the open field, novelty suppressed feeding and elevated plus maze tests. In the open field test, mice that received 0.7 mg/kg dose of bradyzide spent more time in the centre zone than controls, suggesting reduced anxiety-like behaviour (p = 0.0058, Fig. 4a ). However, mice that received higher doses of bradyzide also had higher locomotor activity than controls, as indicated by longer distance travelled in the open field (bradyzide 0.7 mg/kg p = 0.031, bradyzide 2.0 mg/kg p = 0.044; Fig. 4b ). We did not observe differences between antagonist and control injected mice in the novelty suppressed feeding or elevated plus maze tests ( Fig. 4c-e ).
The effect of pharmacological targeting of the bradykinin B2 receptor on mouse stress-induced behaviour. Since acute or chronic stress did not affect gene or protein expression of BDKRB1, nor did the BDKRB1 receptor antagonist influence anxiety-like behaviour, we concentrated on the BDKRB2. We next investigated the B2 receptor antagonists in more detail concentrating on their effects on stress-induced anxiety-like and despair behaviours. For this purpose, we injected D2 mice i.p. with the B2 receptor peptide antagonist HOE-140, the small molecule antagonist bradyzide or vehicle. We then immediately subjected the mice to 30 min restraint stress and let them recover for 1 h before testing for anxiety-like behaviour in the open field test and despair behaviour in the forced swim test. We did not detect any differences in the behaviour of the drug-injected mice compared to the controls (Fig. 5a -c), although there was a trend for shorter open field centre time in mice that received 0.7 mg/kg dose of bradyzide compared to vehicle controls (p = 0.075, Fig. 5a ). The stress-induced hyperthermia (SIH) paradigm measures increases in body temperature due to stress caused by handling, possible injection and rectal body temperature measurements of mice, and it is therefore considered a physiological test of anxiety-like behaviour 30 . We measured rectal body temperature (T 0 ) and injected D2 mice with the small molecule B2 antagonist WIN 64338 (5 mg/kg, i.p.) or vehicle. Body temperature was measured again 60 min (T 1 ) and 70 min (T 2 ) after T 0 . The increase in body temperature between 60 and 70 min (T 2 -T 1 ) was considered the measure of SIH (∆T). WIN 64338 significantly reduced SIH (p = 0.029) ( Fig. 5d ), indicating an anxiolytic effect in this test that is not confounded by locomotor activity of mice.
The effect of stress and a B2 receptor antagonist on brown adipose tissue KKS gene expression.
Thermogenesis is partly regulated by brown adipose tissue (BAT), and therefore we conducted gene expression analysis in BAT to study i) whether cold stress-induced thermogenesis influences the expression levels of the KKS genes in this tissue, and ii) whether the B2 receptor antagonist WIN 64338 affects BAT gene expression during SIH.
In the cold stress experiment, we subjected B6 mice to 4 °C temperature for 4 hours, after which we collected interscapular BAT, and analysed the expression levels of kininogen transcript variants and bradykinin receptors. We analysed expression of both Kng1 and Kng2, as mice have two Kng genes expressing identical bradykinin peptides. The Kng2 variant 1 coding for the high molecular weight kininogen (HMWK) was upregulated by cold stress (p < 0.001) whereas the expression levels of the other Kng2 variants and the Bdkrb2 remained unaltered (Fig. 6a ). The expression levels of the Kng1 variants and the Bdkrb1 were below the detection level.
Next, to investigate whether BAT is activated by SIH and whether BDKRB2 modulates this effect, we analysed the expression levels of BAT activation marker genes by qPCR after i.p. injection of a B2 antagonist (WIN 64338, 5 mg/kg, i.p.) or vehicle and SIH or non-stressed controls (that experienced mild stress in the form of an i.p. injection) in D2 mice. We observed a significant stress effect in Adrb3 (adrenoceptor 3) expression (2-way ANOVA for * * ** www.nature.com/scientificreports www.nature.com/scientificreports/ stress and drug effects, stress effect p = 0.007), Adrb3 expression being higher after SIH in WIN 64338-injected mice compared to non-stressed mice that received WIN 64338 (post-hoc WIN 64338 vs WIN 64338 + SIH, p = 0.013) (Fig. 6b ). There was a significant drug effect in Pgc1a (PPARG coactivator 1 alpha) expression levels (2-way ANOVA, drug effect p = 0.010), with the higher expression levels in WIN 64338 group compared to the vehicle group (post-hoc WIN 64338 vs vehicle p = 0.015). The expression levels of Glut4 (glucose transporter 4) and Ucp1 (uncoupling protein 1) did not differ between the groups (Fig. 6b ).
Discussion
We used multiple approaches to investigate whether the KKS regulates stress-related phenotypes and anxiety disorders. We took advantage of a Finnish population-based genetic sample with well-characterized anxiety disorder cases and carefully matched controls. Furthermore, to clarify experimentally the role of the KKS in stress and anxiety, we used both acute and chronic mouse stress models and investigated if the expression of KKS genes and proteins are affected by stress, and whether the bradykinin receptor antagonists influence mouse behaviour.
We established a role for the KKS in the genetic predisposition to anxiety disorders in humans, and in physiological stress response in mice. BDKRB2 protein levels were decreased in the mouse hippocampus by acute stress while Bdkrb2 gene expression levels were increased after chronic psychosocial stress, a major risk factor for anxiety disorders. Although we did not detect an anxiolytic effect of bradykinin receptor antagonists in anxiety tests measuring approach-avoidance conflict, a BDKRB2 antagonist was anxiolytic in the SIH model. We further demonstrated that a specific Kng transcript was upregulated by cold stress in BAT. Of the studied BAT activity markers, Adrb3 was induced by stress in mice that received a BDKRB2 antagonist, while the antagonist itself induced expression of Pgc1a, a key regulator of energy metabolism. In human genetic studies, the bradykinin system genes have previously been associated with panic disorder and obsessive-compulsive disorder 6 . Therefore, we systematically selected a comprehensive set of SNPs from the KNG1, BDKRB1, and BDKRB2 genes and genotyped them in a well-characterized Finnish anxiety disorder case-control sample, representative of the Finnish population 31 . We found the strongest evidence for association to the BDKRB1 gene, with five SNPs associating at p < 0.001 level. These SNPs are located in the upstream or intronic regions of the gene. In addition, three SNPs within the BDKRB2 gene showed association at the p < 0.01 level, one of which, in the 3′UTR region, survived gene-wide multiple testing correction. These SNPs may confer susceptibility to anxiety disorders by affecting the expression levels of the bradykinin receptor genes. Ongoing international genomewide association study efforts in anxiety disorders should clarify how significantly variants in the bradykinin receptor genes influence susceptibility to anxiety disorders, and whether this predisposition is specific to certain anxiety disorder types.
Changes in KKS gene expression have been associated with several neurological and psychiatric diseases. In general, we found that both Bdkrb1 and Bdkrb2 were expressed at a very low level in the mouse brain. However, we detected significant downregulation of BDKRB2 protein levels after acute stress, and significant upregulation of mRNA levels after chronic stress in the hippocampus. Bdkrb2 gene was upregulated in both stress-susceptible and resilient mice, which may indicate a general stress effect rather than an anxiety effect. Many factors could explain the conflicting gene and protein expression differences, and they are most likely related to the timing of the stress experiments. The acute stress involved two-hour restraint stress and one-hour recovery period, while the chronic stress paradigm lasted for 10 days, followed by one-week recovery period. We did not detect differences in the cortex, either after acute or chronic stress. To our knowledge the expression levels of bradykinin or its receptors in patients with anxiety disorders or in animal models of anxiety have not been extensively studied. A Japanese study has linked high plasma bradykinin levels to somatization disorder in two patients whose symptoms were relieved by anti-bradykinin agents 32 . In bipolar disorder, the expression of KNG1 mRNA is upregulated in the orbitofrontal cortex 33 . Elevated plasma KNG1 protein levels can be detected even before the onset of disease, in neonates who later develop schizophrenia 34 and in children who later develop psychotic disorder 35 . We have observed in a first episode psychosis study that antipsychotic drug treatment influences BDKRB1 gene expression levels in blood leukocytes 36 . Thus, changes in the KKS may occur already before disease onset.
Our finding that especially BDKRB2 levels were altered after acute and chronic stress, major risk factors for anxiety disorders, encouraged us to test whether antagonists of BDKRB1 or BDKRB2 affect anxiety-like behaviour in mice. We observed that mice injected s.c. with 0.7 mg/kg of B2 non-peptide antagonist bradyzide spent more time in the centre of the open field arena compared to vehicle injected mice, indicative of reduced anxiety-like behaviour. However, mice injected with the two higher tested concentrations (0.7 or 2.0 mg/kg) showed significantly longer distance travelled during the test compared to the vehicle injected animals, which is suggestive of higher locomotor behaviour. Taking the activity level as a cofactor in the analysis abolished the anxiolytic effect. We also tested anxiety-like behaviour in a test not confounded by activity, the novelty suppressed feeding test, and another commonly used test, the elevated plus maze test. None of the tested antagonists or doses affected anxiety-like behaviour in these tests. These results suggest that bradykinin receptor antagonists do not have clear anxiolytic or anxiogenic effects, but that BDKRB2 antagonists increase locomotor activity.
Because of the significant differences in BDKRB2 expression after acute and chronic stress, we investigated the effect of BDKRB2 non-peptide (bradyzide and WIN 64338) and peptide (HOE-140) antagonists on stress-related behaviours. They did not influence anxiety-like behaviour in the open field test after acute restraint stress or despair-behaviour in the forced swim test. We also tested if blocking BDKRB2 with WIN 64338 affects stress-induced hyperthermia, another model of anxiety-like behaviour not dependent on spontaneous activity. We thought this model was especially relevant due to the known effects of centrally administered bradykinin in fever and hyperthermia 37 . This regulation occurs via both centrally and peripherally expressed bradykinin receptors [38] [39] [40] [41] [42] . Hyperthermia induced by central bradykinin is mediated by the hypothalamic paraventricular nucleus 43 . Both prostaglandin-dependent and independent mechanisms are involved in the hyperthermic effects of bradykinin 40, 42, 44 . We demonstrated that the hyperthermic response of mice that received WIN 64338 prior to the stress was significantly reduced in response to stress compared to vehicle injected mice. This reduced response is likely due to anxiolytic activity as the bradykinin B2 receptor antagonist alone did not have an antipyretic effect. Blood glucose levels are upregulated by stress and bradykinin enhances glucose uptake to skeletal muscles 45, 46 . However, glucose uptake by adipocytes of BAT, a key organ in thermogenesis, does not likely mediate the smaller increase in body temperature since the expression levels of Glut4, the major glucose transporter of BAT, was not affected by SIH or B2 antagonism.
Mouse kininogen-coding genes Kng1 and Kng2 are expressed in adipose tissue and the expression of mouse Kng1 is regulated in white adipose tissue by cold stress, suggesting a role in thermoregulation 47, 48 . We observed that Kng2 variant 1 is upregulated by cold stress in BAT, which is highly activated by cold exposure. The regulation of adipokines by KKS is suggested by studies linking the polymorphism in KNG1 to adiponectin levels 49 and showing the regulation of adipokine levels by bradykinin receptors B1 and B2 50, 51 . Furthermore, bradykinin potentiates the uptake of glucose in adipocytes 52 .
We then studied the effect of B2 receptor antagonism on BAT activation. The expression level of Ucp1, which codes the protein responsible for the non-shivering thermogenesis of BAT, was not affected by WIN 64338 or SIH. However, WIN 64338 rapidly upregulated Pgc1a expression in BAT, suggesting that blocking of B2 receptors may induce BAT mitochondrial biogenesis. Also, in mice that received WIN 64338, expression of adrenoceptor 3, another regulator of BAT thermogenesis, was increased after SIH. Interestingly, post-stress hyperthermia treatment protects against chronic stress-induced anxiety in mouse open field test, suggesting the involvement of the regulation of body temperature in mouse anxiety-like behaviour 53 . Thus, one physiological mechanism of bradykinin in anxiety might be the regulation of body temperature.
It is likely that the different types of stress paradigms we used i.e. acute restraint stress, acute cold stress, and chronic psychosocial stress, impact at least partly different neurobiological substrates 54, 55 , and KKS may contribute differentially to the function of these circuits. Moreover, we cannot distinguish between central and peripheral effects of WIN 64338. Activation of peripheral adipocyte glucocorticoid receptor signalling promotes peripheral energy storage while inhibiting the hypothalamic-pituitary-adrenal axis, implicating peripheral adipocyte glucocorticoid receptors as mediators of fat-to-brain signalling 56 . Future research should address whether such mechanisms contribute to the effect of the KKS in SIH. Due to practical reasons, most experiments were carried out in either B6 or D2 mice that have different innate and stress-induced anxiety-like behaviours 25, 57 . In the future, studies on the effect of genetic background on KKS function are warranted.
In conclusion, our results establish a role for the KKS in the regulation of stress response and stress-related anxiety-like behaviour. These effects may be modulated physiologically through changes in body temperature, without affecting classical anxiety measures, such as approach-avoidance conflict. Genetic variants in bradykinin receptor genes may further modulate these effects, and thereby contribute to the susceptibility of anxiety disorders and stress-induced anxiety. , approved all experimental protocols in this study and the methods used were carried out in accordance with the approved guidelines. Written informed consent was obtained from all participants. We have previously described the anxiety disorder sub-sample in detail 31, 58 . Briefly, it consisted of 321 adults diagnosed with an anxiety disorder (n = 282) or an anxiety disorder subthreshold diagnosis (n = 39) according to DSM-IV criteria. Controls (n = 653) were matched for sex, age (+/− 1 year), and hospital catchment area. They lacked anxiety or major mental disorders, had no missing data in anxiety screen questions, and had explicit negative diagnoses for all symptoms of anxiety.
Materials and Methods
Human genetic association analysis. We genotyped the SNP markers (see Supplemental Table 1 for genotyped SNPs and information regarding their quality control) using Sequenom MassARRAY technology with iPLEX chemistry (Sequenom, San Diego, CA, USA) according to the manufacturer's instructions. Primer information is available on request. We performed rigorous quality control as described earlier 59 . We tested for Restraint stress. Restraint stress was induced by placing the mouse in a 50 ml ventilated Falcon tube for 30-120 min, depending on the experiment, which after tissue samples were collected. In some experiments the mice were allowed to recover for 1-5 h before tissue collection. When restraint stress was applied before behavioural experiments, mice were placed in round (inner diameter 32 mm) acrylic animal holders (Med Associates, Inc., Fairfax, VT, USA) for 30 min which after the mice were allowed to recover for 1 h before behavioural analysis. Vehicle or drug solutions were i.p. injected immediately before restraint stress. The open field test was done after a 1 h recovery period.
Open field test. Anxiety-related behaviour in the open field test was measured with the use of Activity
Monitor system (MedAssociates). For data presented in Fig. 4 , the open field arena consisted of a 30 × 30 × 20 cm box with transparent Plexiglas walls and white floor. It was equipped with two rows of infrared light sensors for detection of vertical and horizontal activity. For the data analyses, a 13 × 13 cm centre zone was defined virtually. For data presented in Fig. 5 , the open field arena consisted of a 43 × 43 × 30 cm box with transparent Plexiglas walls and white floor. It was equipped with two rows of infrared light sensors for detection of vertical and horizontal activity. Animals were adapted to the experimental room condition with the lighting ~ 150 lx for at least 30 min before the test. The mouse was released in the corner of the open field facing to the wall and allowed to explore the arena for 5 min. The total distance traveled and percent of distance travelled in the centre zone, time spend in the centre zone, the number of entries to the centre and latency to the first centre entry were calculated.
Forced swim test. The forced swim test was done as previously described 61 . Briefly, after 30 min of adaptation to the experimental room, the mouse was placed in a glass cylinder (diameter = 18 cm, height = 25 cm) filled with 3 litres of water (room temperature) to a height of 15 cm. Time immobile (passive floating) was detected with EthoVision XT10 system (Noldus, The Netherlands) for 6 min with 2 min time bins. Data from the last 4 min was used.
Elevated plus maze test. The experimental arena consisted of a plus-shaped maze with a central zone (5 × 5 cm), two open (30 × 5 cm) and two closed arms of the same size but with 15 cm high transparent walls. The maze was raised to 38.5 cm above the floor and illuminated with 15-20 lx. The mouse was placed in the centre of the maze facing one of the closed arms and observed for 5 min with the video-tracking system (EthoVision XT10). The total travelled distance and percent of distance travelled in the open arms, time spend in the zones, and the number of entries to the zones were calculated.
Novelty-suppressed feeding test. Latency to start feeding in a novel environment was measured by EthoVision XT10 software (Noldus) on hungry animals. Animals were deprived of food overnight before the experiment with water available ad libitum. For the measurement we put a small plastic cup containing chopped food pellets in the centre of the floor in the white acrylic box (30 × 30 cm, illumination ~150 lx). The mouse was placed in the corner of the box and allowed to explore the arena freely for 5 min or until it started eating the food. We then removed the mouse to its home cage and allowed it to eat the chopped food for 5 min.
Stress-induced hyperthermia. SIH was done with single-housed mice in the animal room to avoid any transportation stress.
The body temperature was measured at three time points by restraining the mouse in hand by the scruff of the neck and inserting a 1.5 cm long rectal probe for 20 sec. To control for the drug effect on the basal body temperature, the first measurement was taken immediately before the drug injection (T 0 ). Animals then received an intraperitoneal injection of WIN 64338 (5 mg/kg) or PBS, followed by the SIH test 60 min later. The SIH test consisted of two measurements of core body temperature with 10 min interval (T 1 and T 2 ). Stress caused by the first measurement results in hyperthermia that was assessed as the difference between the second and the first measurement (T 2 -T 1 ).
